Background The renin-angiotensin system (RAS) plays an important role in normal homeostasis, carcinogenesisrelated angiogenesis, and cell proliferation. Helicobacter pylori infection causes infiltration of inflammatory cells into the gastric mucosa and is considered the major cause of gastric cancer. Whether RAS plays a role in H. pylori infection-related gastric diseases remains unclear. We investigated the changes in gastric mucosal angiotensin II type 1 receptor (AT1R) and type 2 receptor (AT2R) mRNA levels throughout the time course of H. pylori infection in Mongolian gerbils. Methods Mongolian gerbils were infected with wild-type H. pylori (for 12 months) or with its isogenic oipA mutant (for 3 months). Gastric mucosal AT1R and AT2R mRNA levels were assessed using real-time reverse transcriptionpolymerase chain reaction. Results The gastric mucosal AT1R mRNA level was significantly associated with the severity of inflammatory cell infiltration into the gastric mucosa that reached maximal levels at 12 months after infection in both the antrum and body. Inflammatory cell infiltration scores and AT1R and AT2R mRNA levels were significantly lower in oipA mutant than wild-type infections. Mucosal AT1R and AT2R mRNA expressions in wild-type H. pylori-infected gerbils with gastric ulcers were significantly higher than in those without ulcers (P \ 0.01). Conclusions Gastric mucosal ATR expression gradually increases during the course of H. pylori infection. Up-regulation of the RAS in association with progressive gastric inflammation suggests a potential role of the RAS in gastric carcinogenesis. OipA appears to play a role in AT1R and AT2R expression and the resulting inflammation.
carcinogen of gastric cancer, and many lines of additional evidence now support the relationship between H. pylori infection and gastric carcinogenesis [1] [2] [3] [4] . For example, gastric cancer developed in 2.9% of H. pylori-positive patients followed up for about 8 years, whereas no gastric cancer was reported among uninfected patients [1] . In patients with peptic ulcers, successful eradication of the H. pylori infection reduced the risk of peptic ulcer recurrence as well as the risk of gastric cancer [2] . In a recent study, patients with early gastric cancer who received both endoscopic mucosal resection and H. pylori eradication therapy experienced a significant reduction in the risk of subsequent gastric cancer relative to patients who did not receive eradication therapy [4] . Overall, an H. pylori infection is now considered the most important cause of gastric cancer, and eradication therapy has been recommended as a strategy for gastric cancer prevention [1] [2] [3] [4] .
The pathology of H. pylori infections is characterized by a marked infiltration of neutrophils, lymphocytes, monocytes, and plasma cells into the gastric mucosa. Migration and activation of these cells results in mucosal inflammation in response to the local H. pylori-induced production of pro-inflammatory cytokines [5] [6] [7] [8] . H. pylori infections initially present as an antral-predominant gastritis followed by advancing inflammation into the gastric body, eventually leading to atrophic gastritis with metaplasia, often with gastric ulcers [9] [10] [11] [12] [13] and less often with gastric cancer [14, 15] . The pathogenesis and progression to gastric cancer involves a variety of processes, including cell proliferation, cell differentiation, angiogenesis, and degradation of the extracellular matrix.
The renin-angiotensin system (RAS) consists of angiotensinogen, angiotensin I, angiotensin II, renin, angiotensin-I converting enzyme (ACE), and chymase and plays a key role in blood pressure regulation. Recent evidence indicates that angiotensin II is also involved in the regulation of cell proliferation, angiogenesis, inflammation, and tissue remodeling via angiotensin II type 1 receptors (AT1Rs) [16] [17] [18] . An epidemiological study of an elderly cohort in a southern California community demonstrated that over a 9-year period, the systolic blood pressure associated with enhanced RAS was a significant predictor of subsequent cancer mortality [19] . Moreover, ACE inhibitors and AT1R blockers (ARBs) have been reported to reduce tumor progression, vascularization, and metastasis [20] . These data highlight the relationship between the angiotensin II/AT1R pathway and carcinogenesis, suggesting that this pathway may be a target for chemoprevention for several neoplastic lesions [20, 21] .
Angiotensin II, chymase, and ACE have been reported to be more highly expressed in the gastric mucosa of patients with peptic ulcer and gastric cancer than in the gastric mucosa of H. pylori-negative patients [22] [23] [24] [25] . Recently, in a Mongolian gerbil model of H. pylori infection, it was demonstrated that AT1R and AT2R were highly expressed in a subpopulation of endocrine and inflammatory cells in the gastric wall [26] . Infected gerbils showed significantly increased AT1R protein production and an increased number of infiltrating polymorphonuclear cells (PMNs) in the gastric mucosa at 12 months after infection [26] .
Of interest, RAS genes (e.g., for ACE, chymase, and angiotensinogen) have been found to have point mutations which influence the production of RAS proteins; individuals with high-producer genotypes of RAS genes have been found to be at increased risk of developing gastric cancer and peptic ulcer disease [27, 28] . Although alterations in the RAS genes are clearly associated with the pathogenesis of H. pylori-related disorders and gastric carcinogenesis, the nature of the changes in gastric mucosal AT1R and AT2R expression in the different phases of H. pylori infection remains to be elucidated. Therefore, we investigated the AT1R and AT2R profiles in the acute and chronic phases of H. pylori infection in Mongolian gerbils, using real-time reverse transcription-polymerase chain reaction (RT-PCR).
A number of outer membrane proteins in H. pylori are adhesins (e.g., outer inflammatory protein [OipA]) [29] [30] [31] . The expression of OipA has been reported to be associated with severe inflammation and an increased risk of gastrointestinal diseases, suggesting that OipA may be involved in the pathogenesis of mucosal injury [29] [30] [31] . However, it is not known whether the oipA gene status affects AT1R and AT2R levels. Therefore, the present study also investigated the relationship between oipA gene status and gastric mucosal AT1R and AT2R production.
Methods

Experimental design
H. pylori strain 7.13 (kindly provided by Dr. Richard M. Peek) was chosen for this study because it has been shown to cause reproducible mucosal damage in the Mongolian gerbil model, and some 7.13 H. pylori-infected gerbils have been reported to develop gastric cancer [32, 33] . Infections with wild-type H. pylori were carried out as follows. Mongolian gerbils were randomly divided into 2 groups. Group A was uninfected (negative control) and Group B was infected with H. pylori 7.13. At 1, 3, 6, and 12 months after inoculation, 5-10 gerbils were killed. To investigate the effect of the oipA gene on ATR expression, gerbils were inoculated with an isogenic oipA mutant of H. pylori 7.13 constructed as previously described [29] . This group was designated Group C, and 5-7 gerbils were killed at 1 and 3 months after inoculation.
After the animals were killed, the stomachs were removed and opened along the greater curvature. The longitudinal half of the stomach was fixed in 10% buffered formalin for histological examination. The other half was further divided into the pyloric gland mucosa (antrum) and fundic mucosa (body) for real-time RT-PCR analysis. The presence of gastric ulcers in the antrum and body was assessed macroscopically.
The experimental protocol was approved by the Animal Care Committee of Baylor College of Medicine and Michael E. DeBakey Veterans Affairs Medical Center, Houston, Texas.
Animals and bacterial inoculation
We purchased 6-week-old male specific-pathogen-free Mongolian gerbils (MGS/Sea) with an average weight of approximately 50 g from Charles River Laboratories (Wilmington, MA, USA). The gerbils were housed in groups of 5 per cage with hard wood chip bedding, under a 12-h light/12-h dark cycle. The gerbils were cared for in accordance with our institutional guidelines. The gerbils had free access to food and drinking water throughout the experimental periods.
H. pylori cultures were grown with shaking at 200 rpm in brain heart infusion (BHI) (BD, Sparks, MD, USA) broth containing 15% fetal bovine serum (FBS) for 20 h at 37°C under microaerobic conditions (12% CO 2 ) and saturated humidity (95%). Gerbils were inoculated with either 1 mL of H. pylori (10 9 CFU/mL) or 1 mL of BHI medium without FBS (control group), using a metal stomach catheter, 3 days in a row. The H. pylori-infection status was assessed by culture and histopathology [hematoxylin/ eosin (H&E) stain and Genta stain] after the animals were killed.
Histological examination
Tissues were sectioned (4 lm) and routinely stained with H&E and Genta stain. The presence of inflammatory mononuclear cells (MNCs), PMNs, and intestinal metaplasia was microscopically graded from 0 (absent/normal) to 5 (maximal intensity), using a visual analogue scale [34] . The Sydney system ''mild'' corresponds to grades 1 and 2 in this system [34] , ''moderate'' corresponds to grade 3, and ''severe'' is equivalent to grades 4 and 5. Histological evaluations from the antral and body mucosa (3 different points each) were graded and the results were averaged to obtain the final score for each animal. The results for each group are presented as medians and ranges of the gastric mucosal PMN/MNC score.
Real-time RT-PCR
Total RNA was isolated from homogenized antral and body mucosa using RNeasy Mini Kits (Qiagen, Germantown, MD, USA) and 0.5 lg of RNA from each sample was reverse-transcribed using 50 units of SuperScript III RT (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. One microliter of cDNA was amplified by PCR using the qPCR MasterMix Plus for SYBR Green I Kit (Eurogentec, San Diego, CA, USA) and specific primers (0.1 nM) for AT1R, AT2R, and b-actin in the Applied Biosystems 7300 real-time RT-PCR system (Life Technologies, Carlsbad, CA, USA) ( Table 1) .
Data analysis
Data are presented as medians and ranges (histological evaluation scores) or as means and standard error of the mean (SEM) (gastric mucosal AT1R and AT2R mRNA levels). The Mann-Whitney U-test was used to determine whether the histological scores differed in relation to the different observation periods or H. pylori strains. Statistically significant differences in the gastric mucosal AT1R and AT2R mRNA levels among the different observation periods or among the different H. pylori strains were determined by using the Student's t-test. Statistically significant associations between AT1R or AT2R mRNA levels and the median gastric mucosal PMN/MNC score and between the ratios of AT1R/b-actin mRNA and AT2R/b-actin mRNA were assessed by calculating Spearman's correlation coefficients. A P value of\0.05 was considered to indicate statistical significance. Calculations were carried out using the statistical software StatView 5.0 (SAS Institute, Cary, NC, USA).
Results
Development of gastric ulcers after H. pylori infection
All gerbils inoculated with wild-type H. pylori and oipA mutant were successfully infected. For gerbils infected with wild-type H. pylori, macroscopic gastric ulcers were observed in the antrum in 4 of 9 gerbils (44%) at 3 months, 3 of 10 gerbils (30%) at 6 months, and 3 of 5 gerbils (60%) at 12 months (Table 2) . Gastric ulcers were observed in the body in 5 of 9 gerbils (56%) at 3 months and 1 of 10 gerbils (10%) at 6 months (Table 2) . No gastric ulcers or erosions were seen in gerbils infected with the oipA mutant at 3 months after inoculation (Table 2 ). In addition, no ulcers were seen in the negative control group.
Histopathological findings after inoculation with wild-type H. pylori and oipA mutant At 6 and 12 months, all gerbils infected with wild-type H. pylori had intestinal metaplasia (data not shown), which is thought to increase the risk of developing gastric cancer. However, in contrast to previous studies using H. pylori strain 7.13 [32, 33] , no infected gerbils developed gastric cancer.
Intestinal metaplasia or gastric cancer was not seen in gerbils infected with the oipA mutant or in the uninfected control group. Mucosal infiltration of MNCs and PMNs was rare or absent in control animals. A significant increase in the MNC and PMN scores in the antrum was observed at 3-12 months compared with those in the pre-infection period or at 1 month (Table 3) . Median MNC and PMN scores and the thickness of the gastric antral and body wall in gerbils infected with wild-type H. pylori were always greater than these parameters in uninfected controls at all time points. In the antrum and body of the gastric ulcer group, the median levels of MNC and PMN infiltration were also significantly higher than those in the non-ulcer groups in each area ( Table 4) .
The oipA mutant induced significantly milder inflammation compared with the wild-type H. pylori strain in both the antrum and body at 3 months after inoculation (P \ 0.05, for both antrum and body) (Table 3 ). However, MNC mononuclear cells, PMN polymorphonuclear cells, NE not examined * P \ 0.05 compared with 0 month ** P \ 0.05 compared with the wild-type infected group at 1 month *** P \ 0.05 compared with the wild-type infected group at 3 months # P \ 0.05 compared with the oipA mutant-infected group at the same time point after infection the median MNC scores in the antrum were significantly higher in gerbils infected with the oipA mutant at 3 months after inoculation compared to uninfected controls at 0 or 3 months (Table 3) .
Gastric mucosal AT1R and AT2R mRNA levels in Mongolian gerbils infected with H. pylori
Gastric mucosal AT1R and AT2R/b-actin mRNA ratios were approximately zero in the gastric mucosa of uninfected animals throughout the 12-month observation period in both the antral and body mucosa. In animals infected with wild-type H. pylori, both the AT1R and AT2R/b-actin mRNA ratios gradually increased during the time course in both the antrum and body, with the exception of the AT2R/ b-actin mRNA ratio in the antrum (the ratio was lower at 12 months than at 6 months) (Fig. 1a, b) . At 1 and 6 months after the inoculation of wild-type H. pylori, the AT1R/b-actin mRNA ratio in the antrum was significantly higher than that in the body (Fig. 1a) . At 12 months, the AT2R/b-actin mRNA ratio in the body was significantly higher than that in the antrum (Fig. 1b) . The AT1R and AT2R/b-actin mRNA ratios in the antrum and body in the wild-type inoculated group were significantly greater than the values in the controls at all time points (data not shown).
In gerbils infected with the oipA mutant, the AT1R and AT2R/b-actin mRNA ratios in the antrum and the AT2R/bactin mRNA ratio in the body were significantly lower than the values in gerbils infected with wild-type H. pylori at 3 months (Fig. 2a, b) . However, the AT1R/b-actin mRNA ratio in the body mucosa in gerbils infected with the oipA mutant was similar to that in wild-type infected gerbils (Fig. 2c) . The AT1R and AT2R/b-actin mRNA ratios in the gastric antrum and body in gerbils infected with the oipA mutant were significantly greater than the values in uninfected controls at 1 month, but not at 3 months (Fig. 2) .
Gastric mucosal AT1R and AT2R mRNA levels, MNC infiltration, and gastric ulcers in gerbils
The median MNC infiltration score was significantly correlated with the AT1R levels in the antrum (r = 0.327, P = 0.039) and the body (r = 0.559, P \ 0.001), and with the AT2R levels in the antrum (r = 0.350, P = 0.026) and the body (r = 0.589, P \ 0.001) (Fig. 3) . Moreover, AT1R mRNA levels were strongly correlated with AT2R levels (r = 0.887, P \ 0.001; Fig. 4 ). Interestingly, antral AT1R and AT2R mRNA levels were significantly higher in gerbils that developed gastric ulcers than in gerbils without gastric ulcer following wild-type H. pylori infection (P \ 0.001 for each) (Fig. 5) .
Discussion
Up-regulation of the RAS pathway leads to increased angiotensin II, ACE, chymase, and AT1R levels, as well as increased infiltration of inflammatory cells, such as MNCs, PMNs, and mast cells [35] [36] [37] [38] . RAS components were not expressed in the gastric mucosa of gerbils unless they were infected with H. pylori [22] [23] [24] [25] 39] . AT1R, AT2R, and other RAS components (e.g., angiotensinogen, renin, ACE, and neprilysin) are highly expressed in a subpopulation of endocrine cells, vascular endothelial cells, and inflammatory cells in the gastric wall of H. pylori-infected gerbils [26] and humans [39] . In addition, AT1R protein expression has been found to be 3-4 times higher in the gastric mucosa of H. pylori-positive subjects compared to the gastric mucosa of H. pylori-negative subjects [39] . The biological roles of AT1R include contraction of blood vessels, enhancement of sympathetic nerves, and increases in blood pressure and cell proliferation. Over-expression of AT1R may be associated with enhanced gastric mucosal inflammation, atrophy, and carcinogenesis. The roles of AT2R are opposite to those of AT1R. A recent study in humans suggested that the administration of ACE inhibitors or ARBs, which are inhibitors/ blockers of the RAS signaling system, was associated with a reduction in the risk of peptic ulcers among patients taking low-dose aspirin [40] In the present study, we demonstrated that in the Mongolian gerbil model, the gastric AT1R mRNA levels gradually increased in both the antral and body mucosa during H. pylori infection. These levels were not increased in the gastric antral and body mucosa of uninfected animals. The increase in AT1R mRNA levels also correlated with the severity of gastric mucosal MNC infiltration assessed 3-12 months after inoculation. Moreover, 41.7% of gerbils infected with wild-type H. pylori developed gastric ulcers, which was associated with high levels of inflammatory cell infiltration and AT1R mRNA. These results are consistent with the notion that the increased expression of AT1R and the subsequent increase in inflammatory cell infiltration are related to an increased incidence of gastric ulcers. In addition, these results are in agreement with data obtained in humans showing that inhibition of the gastric mucosal RAS level was associated with a decreased risk of gastric ulcers.
The Mongolian gerbil model has also been used as an animal model of gastric cancer, in which between 30 and 50% of animals develop gastric cancer 12-18 months after H. pylori infection and co-administration of a chemical carcinogen [41, 42] . In the present study, no carcinogen was administered and no gastric cancers developed during the observation period; however, most infected gerbils developed intestinal metaplasia, which is considered a precursor of gastric cancer. Gastric ulcers are also related to atrophic gastritis, and individuals with gastric ulcer are at increased risk of gastric cancer. Overall, these data suggest that the up-regulation of the RAS is related to the severity of gastric mucosal inflammation and the development of atrophy/intestinal metaplasia; thus, the RAS likely plays a role in the development of gastric cancer. This suggestion is also supported by recent epidemiological and animal model studies showing chemoprevention by ACE inhibitors and ARBs in relation to the development of gastric cancer [20, 43, 44] .
Although angiotensin II-AT1R signaling pathways are generally thought to be associated with cell proliferation, angiogenesis, and inflammation [16] [17] [18] 45] , the details of the effect of RAS signaling on gastric mucosal atrophy, intestinal metaplasia, and gastric cancer development remain unknown. It is known that activation of AT1R enhances the transcription of several pro-inflammatory cytokines [e.g., interleukin (IL)-1, IL-6, IL-12, and tumor necrosis factor (TNF)-a] and chemokines via nuclear factor kappa B and activator protein-1 [16] . For example, CarlMcGrath et al. [46] reported that exposure to H. pylori or inflammatory cytokines, e.g., IL-1b, IL-6, IL-8, TNF-a, and transforming growth factor (TGF)-b1 resulted in Fig. 4 Correlation between AT1R and AT2R mRNA levels. AT1R mRNA levels were strongly correlated with AT2R mRNA levels. AT1R angiotensin II type 1 receptor, AT2R angiotensin II type 2 receptor Fig. 5 AT1R and AT2R levels in the antral gastric mucosa of the Mongolian gerbil ulcer group (GU?) and non-ulcer group (GU-). *P \ 0.05 (vs. non-ulcer group). AT1R angiotensin II type 1 receptor, AT2R angiotensin II type 2 receptor, GU gastric ulcer increased ACE levels in the gastric cancer cell lines MKN28, N87, and MKN45. Moreover, Bregonzio et al. [47] reported that the administration of ARBs led to a 70-80% reduction in gastric ulcer formation in spontaneously hypertensive rats treated with cold-restraint stress, and ARB administration was also associated with decreases in the stress-induced expression of TNF-a in the antrum and neutrophil infiltration into the gastric mucosa. We previously reported that inoculation of Mongolian gerbils with H. pylori resulted in acute inflammation that was paralleled by an increase in mucosal cytokine expression, especially IL-1b. In contrast, increases in chronic gastric inflammation tended to parallel interferon (IFN)-c and IL-17 expression [8, 48] . In preliminary experiments, we measured gastric mucosal IL-17 mRNA levels in the tissue samples analyzed for ATR mRNA. IL-17 is known to play an important role in the inflammatory response to H. pylori infection and to ultimately influence the outcome of H. pylori-associated diseases [49] . We found that the gastric mucosal IL-17 mRNA levels were also correlated with AT1R and AT2R levels (data not shown). On the basis of the results reported here, we propose that H. pylori infection-induced inflammatory cell infiltration into the gastric mucosa results in enhanced RAS signaling followed by the enhanced transcription of inflammatory cytokines, which subsequently promotes increased inflammation, thus representing an increased risk of gastric mucosal atrophy, intestinal metaplasia, and gastric cancer.
H. pylori-induced gastric inflammation, atrophy, and malignancy have been linked to the presence of H. pylori virulence factors [29] [30] [31] . OipA is a pro-inflammatory response-inducing protein associated with high H. pylori density and severe PMN and MNC infiltration [30] , as confirmed in the present study. OipA also functions as an adhesin and is thought to contribute to the pathogenesis of peptic ulcer and gastric cancer [29] . In the present study no gastric ulcers developed in oipA mutant-infected gerbils. Strains constitutively expressing high levels of OipA attach more tightly to the gastric mucosa and enhance gastric inflammation more effectively than strains in which OipA is poorly expressed [30, 50, 51] . We found that gastric mucosal AT1R and AT2R expression in gastric inflammatory cells was significantly lower in gerbils infected with the oipA knockout strain, which is consistent with previous findings showing that IL-1, IL-17, IL-18, and TNF-a levels were significantly lower in oipA-knockout strain-infected Mongolian gerbils compared to gerbils infected with OipA-expressing strains [8, 48] . These data are consistent with the hypothesis that OipA has an important role in modulating gastric ATR levels and contributes to the development of gastric ulcer and gastric cancer [30, 50, 51] .
In previous reports, patients with a high-producer allele/genotype of RAS component genes, e.g., chymase, angiotensinogen, and ACE, were at increased risk of developing gastric cancer and peptic ulcer compared with non-carriers [27, 28] . Patients with higher RAS activity, such as those with hypertension and those receiving chronic hemodialysis, have also been reported to have an increased risk of both gastric cancer and peptic ulcer [19] , suggesting that increased expression of gastric mucosal ATR mRNAs is related to the pathogenesis of ulcer and is not simply the result of gastric ulcer formation. In our animal study, the conditions (e.g., food, age, H. pylori strain, other bacterial infections, and genetic factors, such as polymorphisms) did not differ between animals that did and did not develop gastric ulcers. Future studies in which these possibly important parameters can be experimentally varied are necessary to evaluate their roles in the different clinical outcomes observed in experimental animals.
In conclusion, we have demonstrated that AT1R and AT2R play important roles in the maintenance and regulation of chronic gastric inflammation in H. pylori-infected Mongolian gerbils. Although we did not show a direct role of AT1R and AT2R in gastric carcinogenesis, the results suggest that the RAS plays an important role in gastric carcinogenesis through its effects on gastric inflammation. Moreover, modulation of the RAS may prove to be a useful approach to prevent and/or treat gastric and other cancers. We plan to use this model to clarify the role of the RAS; for example, by using ACE inhibitors and ARBs to block some functions of the RAS pathway, and to determine the effects on H. pylori-induced gastric carcinogenesis.
